Temperate Bacillus subtilis phage SP02 codes for a phage-specific DNA polymerase. The polymerase gene has been cloned, and its nucleotide sequence has been determined. Within Recently we cloned the wild-type allele of gene L mutation susL244 in plasmid pC194 (30). Three hybrid plasmids were isolated (originally called pC194-74, pC194-91, and pC194-96 [30]); one of these, pJB96, causes a 10-to 20-fold increase in the level of in vitro DNA polymerase activity in a B. suibtilis polA(Ts) polC(Ts) mutant, indicating that it contains a complete gene L. For the other two plasmids a smaller increase (pJB74) or no increase (pJB91) in DNA polymerase activity was found. Gene L from pJB96 has been subcloned in Escherichia coli (31), where it is also expressed, which demonstrates that the gene codes for a new DNA polymerase rather than an activity which modifies a B. siibtilis enzyme.
SPO2 is a temperate Bacilluis subtilis bacteriophage (3) . Some 20 genes have been identified in SPO2 by complementation and ordered on a linear genetic map (38) . SPO2 and most virulent B. subtilis phages grow in the presence of 6-(phydroxyphenylazo)-uracil, an inhibitor of B. subtilis DNA polymerase III (4) . It is proposed that 6-(p-hydroxyphenylazo)-uracil-resistant phages produce their own DNA polymerase and replicate independently of DNA polymerase III (12) . A new DNA polymerase has been found in SPO2-infected bacteria; it is the product of a complementation group called gene L (28) .
Recently we cloned the wild-type allele of gene L mutation susL244 in plasmid pC194 (30) . Three hybrid plasmids were isolated (originally called pC194-74, pC194-91, and pC194-96 [30] ); one of these, pJB96, causes a 10-to 20-fold increase in the level of in vitro DNA polymerase activity in a B. suibtilis polA(Ts) polC(Ts) mutant, indicating that it contains a complete gene L. For the other two plasmids a smaller increase (pJB74) or no increase (pJB91) in DNA polymerase activity was found. Gene L from pJB96 has been subcloned in Escherichia coli (31) , where it is also expressed, which demonstrates that the gene codes for a new DNA polymerase rather than an activity which modifies a B. siibtilis enzyme.
Restriction site maps of pJB74, pJB91, and pJB96 show that all three plasmids contain a complete gene L (this paper). To understand the different levels of expression of gene L in the hybrid plasmids, we determined its nucleotide sequence. The predicted molecular size of the enzyme is 72 kilodaltons (kd). The results indicate that the polymerase is translated from a polycistronic messenger and that its synthesis may be controlled both at the transcriptional and translational level.
MATERIALS AND METHODS
Bacteria and phage. The following B. subtilis strains were used: 3G18 (ade met trpC2), BD294 (trpC2 thr-5 polA59 polC25), SR135 (trp-7 spoOA9 sup-3), and W168 (prototrophic). Strain BD294 was obtained from T (28) . Liquid cultures were grown in NY broth with added antibiotic when appropriate. Phage stocks were prepared in liquid culture or on plates as described (28 (19) (20) (21) . Plasmids and preparation of plasmid DNA. pC194 is a 2.9-kilobase-pair Staphyloc-occuis alureius plasmid (14, 16) which can be maintained in B. siubtilis (8) ; it confers chloramphenicol Cm resistance. The isolation of pC194-SPO2 hybrids has been described (30) . pUB110 is a 4.5-kilobase-pair plasmid originally described by Gryczan et al. (10, 11) ; it confers kanamycin Km resistance. Plasmid DNA was prepared as described by Canosi et al. (5) , except that preparation of a clear lysate was omitted and instead the whole lysate was used in the first cesium chloride-ethidium bromide centrifugation. In our hands this considerably improves the recovery of covalently closed circular plasmid DNA. Minipreparations of plasmid were prepared as described by Birnboim and Doly (2) . DNA concentrations were determined on agarose plates containing 1 ,ug of ethidium bromide per ml with calf thymus DNA as the standard (17) .
Transformation. For transformation of B. slubtilis with plasmid DNA, competent cells (1) or protoplasts (6) were used. E. coli transfection was done as described by Maniatis et al. (17) .
Electrophoresis. DNA restriction fragments were analyzed by using 0.8 to 2% agarose gels or 5% polyacrylamidebisacrylamide (29:1) gels. For sequencing, the samples were electrophoresed on 8 and 6% polyacrylamide-bisacrylamide (19:1) pJB91 contains one and pJB74 contains two additional fragments (Fig. 1) . The order of the HindIII fragments was determined from single and double digests with BglI, HincII, HindlIl, and PvuII (Fig. 2) . The order of the four common HindIlI fragments is the same in the three plasmids, but their orientation relative the vector pC194 is inverted in pJB96 compared with pJB74 and pJB91. Unique EcoRI and PstI sites are located in pJB74 Hindlll fragment E.
Sequencing. DNA sequencing was done by the dideoxy method (32) by using the M13 cloning system (19) . Template single-stranded DNA was prepared by infecting exponentially growing JM103 with phage and incubating with shaking at 37°C for 12 to 18 h. The bacteria were then pelleted by centrifugation in an Eppendorf centrifuge, and Mi3 singlestranded DNA prepared from the supernatant as described by Messing (21) . The sequencing strategy was based on the structure of pJB74 (see Fig. 2 ). HindIII fragments E, B, F, and G were isolated from agarose or polyacrylamide gels, electroeluted, and then purified on a Whatman DE-52 column. The 2,950-base-pair (bp) PvuII fragment, the 1,950-bp HinclI fragment, and the 445-bp PstI-PvuII fragment (which overlaps HindlIl fragments E and B) were similarly isolated and purified.
Fragments E, B, F, G, the 2,950-bp PvuII fragment, and the 1,950-bp HindII fragment were then cloned in both directions into M13mp8. The two EcoRI-HindIII subfragments (E' and E") of HindIII fragment E and the 445-bp PstI-PvuII fragment were cloned into M13mp9. With the above constructions, the areas indicated by dotted lines in Fig. 3 could be sequenced, but the order of fragments F and G could not be determined.
To sequence the rest of gene L, a modification of the method of Poncz et al. (26) experiment was to determine the maximum size of gene L. pJB96 DNA was partially digested with Sau3A and ligated to BamHI-cleaved pUB110. The mixture was used to transform strain 3G18 selecting for kanamycin resistance. Among 1,000 transformants tested, 11 were found which plated SPO2 susL244 with an EOP of 1. Plasmids from these transformants were analyzed by agarose gel electrophoresis. The smallest plasmid observed, called pTB9, was transformed into BD294. Extracts of BD294(pTB9) have 10-to 20-fold increased levels of DNA polymerase activity. pTB9 contains SP02 HindlIl fragments B, F, and G and the proximal 429 bp of the 1,700-bp A fragment (Fig. 4) . Adjacent to fragment B is a 481-bp pC194 fragment. We examined five other plasmids obtained by cloning partially digested pJB96 DNA into pUB110 and which express gene L. In addition to SPO2 DNA, they all contain the 481-bp pC194 fragment. pTB9 contains about 2,197 bp of SP02 DNA, which represents coding capacity for a protein with a molecular size of 80 to 90 kd.
Nucleotide sequence of gene L. The above data suggest a simple model for expression of gene L in the three plasmids (see below). From this model we decided to sequence from pJB74 HindlIl fragments E, B, G, and F, and the proximal 429 bp offragment A. The strategy for sequencing is outlined above and is shown in Fig. 3 . The sequence obtained is shown in Fig. 5 (25, 27, 39) . Several potential -35 and -10 promoter sequences can be found between the inverted repeat and the proposed ribosome-binding site for the E peptide transcript, e.g., a canonical -35 sequence (TTGACA) is found at positions 137 through 142, followed 16 bp downstream by a possible -10 sequence (AAGAAT) (27, 39) . However, studies of transcripts from the cloned SP02 DNA are required to identify promoter sequences with any certainty (7, 23, 34 The present data suggest a simple model for transcription of the SP02 DNA polymerase gene, which accounts for the properties of the three plasmids studied here. Since pJB91 makes no polymerase although it contains a complete structural gene, transcription of the polymerase gene must be initated from a promoter located outside HindIII fragment B, i.e., more than ca. 60 bp upstream from the initiation triplet TTG. In pJB74 the gene is transcribed from its natural promoter. We suggest that this promoter is located in HindlIl fragment E. The presence of a possible transcriptional stop signal at positions 27 through 48 in fragment E (see Fig. 5 ) lends some speculative support to the idea that an SP02 transcript is initiated in fragment E.
In pJB96 the polymerase gene is removed from its natural promoter and instead the gene is transcribed from a promoter in the 482-bp HindIII-Sau3A fragment from the vector pC194. Within this fragment there is an open reading frame coding for a hypothetical D protein (13) ; in pJB96 this is fused in phase with the terminal part of the proposed E peptide gene.
In pJB91, the polymerase gene is not transcribed. The amount of SP02 DNA polymerase activity found in BD294(pJB96) is 5 to 10 times greater than that found in BD294(pJB74); this might simply reflect differences in promoter strengths. However, the structure of pJB74 suggests the possibility of a more complex control of DNA polymerase in SP02. Starting at 336 bp in HindIlI fragment E, there is an open reading frame, preceded by a typical grampositive ribosome-binding site, coding for a proposed E peptide of ca. 10 kd. The reading frame for the E peptide overlaps with the proposed ribosome-binding site for the polymerase gene and with part of the initiation triplet TTG. If the E peptide and the polymerase genes are transcribed from different promoters, with the polymerase promoter located in the E peptide open reading frame, the amount of polymerase gene transcript could be modulated by E transcription. On the other hand, if both the E peptide and polymerase are translated from a polycistronic mRNA, the amount of polymerase produced could be controlled also at the translational level. We are presently trying to examine these possibilities.
Finally, Young and coworkers have established a correlated genetic and restriction map of phage SP02 (9) . By combining their data with the results presented in this paper, the location, size, and direction of transcription of the phage polymerase gene can be determined on the SP02 genome (Fig. 6 ).
